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Sumoylation controls host anti-bacterial response
to the gut invasive pathogen Shigella flexneri
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Abstract

Shigella flexneri, the etiological agent of bacillary dysentery,
invades the human colonic epithelium and causes its massive
inflammatory destruction. Little is known about the post-transla-
tional modifications implicated in regulating the host defense
pathway against Shigella. Here, we show that SUMO-2 impairs
Shigella invasion of epithelial cells in vitro. Using mice haploinsuffi-
cient for the SUMO E2 enzyme, we found that sumoylation regu-
lates intestinal permeability and is required to restrict epithelial
invasion and control mucosal inflammation. Quantitative proteo-
mics reveals that Shigella infection alters the sumoylation status of
a restricted set of transcriptional regulators involved in intestinal
functions and inflammation. Consistent with this, sumoylation
restricts the pro-inflammatory transcriptional response of Shigella-
infected guts. Altogether, our results show that the SUMO pathway
is an essential component of host innate protection, as it reduces
the efficiency of two key steps of shigellosis: invasion and inflam-
matory destruction of the intestinal epithelium.
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Introduction

Since its discovery, the post-translational modification by SUMO
(Small Ubiquitin-like MOdifier) has been shown to regulate a wide
range of cellular processes [1,2]. SUMO modification is mechanistically

1,2,3**

similar to ubiquitin but is carried out by a distinct set of enzymes.
Unlike ubiquitin, the SUMO modification system has only a single
SUMO El-activating enzyme (SAE1/SAE2) and a SUMO E2-conju-
gating enzyme (UBC9). Among the three SUMO paralogs, SUMO-2
and SUMO-3 can form polymeric chains [3], with one potential
outcome being poly-SUMO-dependent polyubiquitylation, resulting
in proteasomal degradation of the modified substrate. At the organ-
ism level, SUMO modification is essential, as mouse embryos defi-
cient for the Ubc9 die early in development [4]. However, only one
expressed allele of Ubc9 is sufficient to maintain basic functions, as
Ubc9*/~ mice are viable with no observable phenotype [4]. Similar
to other post-translational modifications, sumoylation plays a role
in pathogenic infections [5]. Although the interplay between sumoy-
lation and viral infection has been well established [6,7], the link
between SUMO and bacteria is less well understood. To date, it has
been shown that Listeria monocytogenes infection leads to a global
decrease in the amount of SUMO conjugates, triggered by the pore-
forming toxin LLO which induces the degradation of Ubc9 [8].

We decided to study the interplay between sumoylation and the
Gram-negative enterobacterium Shigella flexneri. This bacterium is
the etiological agent of bacillary dysentery, an acute colitis responsi-
ble for heavy mortality of children in developing countries [9]. The
pathogenesis of Shigella involves the rupture, invasion and inflam-
matory destruction of the colonic epithelial lining that results in the
destruction of the mucosa [10,11]. The interplay between epithelial
cell invasion and inflammation is central in the development of
shigellosis [12,13].

Here, we demonstrate that SUMO modification impairs the inva-
sive capacity of Shigella in vitro and is required to protect the host
against the pathogen in vivo. Mice harboring loss of one Ubc9 allele
is more susceptible to Shigella and exhibits a phenotype marked by
increased epithelial cell permeability, massive mucosal invasion and
a dramatic inflammatory response. Using quantitative proteomics,
we show that infection with an invasive versus a non-invasive
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strain of Shigella alters the SUMO modification status of host cell
proteins, especially affecting key transcriptional regulators involved
in gut physiology and inflammatory response. Thus, SUMO-
dependent regulation of a subset of transcriptional regulators may
participate to the host-pathogen interaction upon Shigella infection.
Altogether, these data show the essential role of sumoylation in the
host capacity to control Shigella invasion.

Results and Discussion
SUMO-2 and SAE2 impair Shigella flexneri infectivity in vitro

To investigate the impact of sumoylation on the pathogenicity of
Shigella flexneri, we first evaluated the capacity of bacteria to enter
host cells overexpressing affinity-tagged forms of SUMO in HeLa
cells. Western blot analysis with antibodies specific for the protein
A component of the TAP tag revealed that the levels of TAP-SUMO-1
and TAP-SUMO-2 were comparable (see Fig 1A, left panel). Immu-
noblot experiments confirmed the overexpression of the different
SUMO-1 and SUMO-2 moieties (Fig 1A, middle and right panels).
Using these stable cell lines, we performed gentamicin assays to
measure the pool of intracellular bacteria after one hour of infection.
As shown in Fig 1B, SUMO-2 overexpression resulted in a sixfold
decrease in Shigella entry into cells. Taking an alternative approach,
a similar assay was performed in cells transfected with a siRNA
directed against the SUMO E1 activating enzyme SAE2. SAE2 deple-
tion (Fig 1C) resulted in decreased sumoylation (SUMO-1 and
SUMO-2) and increased the expression of free forms of the two
SUMO paralogs (Supplementary Fig S1A and B). As a control, we
verified that SAE2 depletion had no impact on protein ubiquitylation
(Supplementary Fig S1C). Results presented in Fig 1D clearly show
that the decrease in SUMO conjugation favored Shigella entry into
host cells (3.4-fold increase). To further characterize the role of
sumoylation in the bacterial invasive capacity and spreading, we
performed plaque assays on the TAP-SUMO cells (Fig 1E and F).
The number of lysis plaques following M90T infection appeared
dramatically reduced in TAP-SUMO-2 cells compared to TAP and
TAP-SUMO-1 cells (Fig 1E and F). As expected, no lysis plaque was
observed when the cells were infected with the non-invasive mutant
mxiD, which is mutated in the type III secretion system (Fig 1E). In
agreement with Fig 1B, and contrary to what was reported in the
case of Listeria monocytogenes [8], SUMO-1 overexpression did not
affect the invasive capacity of Shigella. Since the molecular entry
mechanisms of these two pathogens are fundamentally different
(i.e. trigger versus zipper mechanisms) [14], it is not surprising that
such discrepancy is observed.

Sumoylation regulates Shigella pathogenesis in vivo

While the data presented here indicate that SUMO modification
restricts the invasion and the growth of Shigella in cultured human
cells, it was important to establish that this was also the case in
vivo. As adult mice are refractory to Shigella infection, we used the
previously reported newborn mouse model of intragastric (i.g.)
infection [15]. The impact of sumoylation on infection was tested
using Ubc9 ™/~ mice compared to Ubc9*/* mice. We inoculated i.g.
4-day-old newborn mice for 3 h with the invasive isolate M90T or
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used physiological water as a control. By performing immunofluo-
rescence on tissue sections using an anti-LPS antibody, we observed
that intestinal mucosae of Ubc9 "/~ mice contain significantly more
bacterial foci than that of Ubc9™* mice (Fig 2A and B). Indeed,
there was a fivefold difference in the mean number of bacteria per
villus, indicating a massive epithelial invasion in intestines with
reduced amount of Ubc9 (Fig 2C). We next analyzed mucosal
lesions on tissue sections stained with hematoxylin—eosin (Fig 2D).
In agreement to what has been previously published, infection by
the Shigella strain M90T triggers a shortening of the intestinal villi
and a thickening of the lamina propria in wild-type animals (see
Fig 2D, left panel). This mild phenotype contrasts with the one
observed in Ubc9 "/~ mice which show a massive destruction of the
villi characteristic of a strong inflammatory phenotype (Fig 2D, right
panel). These results show that Ubc9, and therefore sumoylation,
play a critical role in Shigella infectivity in vivo. This phenotype
seems to be specific to infection as no difference was observed in
the two genotypes treated with physiological water (Fig 2D, upper
panel).

Finally, we looked for a functional feature of the Ubc9
which could explain the increased bacterial uptake. We searched for
possible dysregulation of the intestinal permeability in Ubc9 ™/~
newborn mice. Briefly, a solution of dextran-FITC was adminis-
trated to newborn mice that were shortly after sacrificed. The level
of dextran-FITC, which can potentially cross the intestinal barrier
and be released from the intestine, is measured in the serum [16].
As shown in Fig 2E, Ubc9*/~ mice display significantly higher
levels of dextran-FITC in the serum when compared to control
animals. Therefore, Ubc9*/~ mice display an increased intestinal
permeability that could account for the higher Shigella uptake. This
role of SUMO in the maintenance of intestinal structure and function
is in agreement with our previous findings that conditional knock-
out of Ubc9 leads to a rapid death of animals due to intestinal failure
with profound alteration of the polarized organization and mechani-
cal stability of the enterocytes [17]. The leaky epithelial barrier of
Ubc9 ™/~ mice, despite sufficient to maintain tissue homeostasis in
steady-state conditions, is likely to facilitate the invasive process
upon bacterial infection. Altogether, these results show that sumoy-
lation plays a protective role in Shigella infection in vivo. Moreover,
this indicates that Ubc9*/~ newborn mice are a new model of
hypersensitivity to this pathogen.

*/~ mice

Identification of targets of SUMO-2 by SILAC-based
quantitative proteomics

To gain mechanistic insight into SUMO-dependent host-pathogen
interactions, we next considered the possibility that Shigella infec-
tion may alter the SUMO modification status of host proteins. To
investigate this, we used a quantitative proteomics approach to
study changes to the host SUMO-2 conjugate proteome during
Shigella infection. We used the above-described HeLa cells that
overexpress TAP-SUMO-2 in conjunction with SILAC (Stable Isotope
Labeling of Amino acids in Culture) [18]. A triple label approach
was taken as described in Fig 3A. A crude extract was also analyzed
to control for total protein changes among conditions. By this
design, comparisons between TAP only and TAP-SUMO-2 (M/L and
H/L ratios) gives an indication of the TAP-SUMO-2 conjugate sub-
proteome, and comparisons between M90T and mxiD infections

© 2014 The Authors
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Figure 1. SUMO regulates Shigella flexneri infectivity in vitro.

A Immunoblot analysis of sumoylation in HeLa cells expressing TAP, TAP-SUMO-1 or TAP-SUMO-2, n = 3.

B Gentamycin assay showing Shigella flexneri entry properties. Values of intracellular bacteria (M90T) are expressed as colony-forming unit and are relative to cells
infected with mxiD non-invasive Shigella (n = 3 in three technical replicates). Error bars indicate standard deviation. *P < 0.05; **P < 0.01.

C Immunoblot analysis of HeLa cell lysates using siRNA targeting SAE2.

Gentamycin assay as in (B) in Hela cells transfected with siRNA against SAE2 and scrambled siRNA as a control (n = 3). Error bars indicate standard deviation. **P < 0.01.

E Analysis of Shigella invasive properties using lysis plaque formation assay in SUMO-expressing Hela cells. Cells were infected with Shigella flexneri M90T and
non-invasive mxiD mutant as a control (n = 4).

F Graphical representation of lysis plaque number. Error bars indicate standard deviation. **P < 0.01.

o

Source data are available online for this figure.

(M/H) can reveal changes specific to invasive infection. Mass spec- TAP-purified samples. The mass spectrometry data are available via
trometry coupled to quantitative data analysis quantified 2,222 the PRIDE repository (dataset identifier PXD001100) [19]. 567 proteins
proteins from crude cell lysates and 852 proteins from the could be identified in both crude and purified samples (Supplementary
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Figure 2. Ubc9*/~ mice display hypersensitivity to Shigella flexneri and increased intestinal permeability.

A B Epifluorescence (A) and confocal microscopy analysis (B) of staining of the intestinal epithelium on paraffin sections after Shigella infection. Physiological water
was used as a control. Bacteria are stained using an anti-LPS antibody (in red), auto-fluorescence of the intestinal tissue is shown (in green), and nuclei are

counterstained with DAPI (in blue).
C,D

Intestinal invasiveness (C) and hematoxylin—eosin staining (D) of the intestinal epithelium on paraffin sections, original magnifications (40x ), (n = 3 per group).

E Intestinal permeability measured by serum containing dextran-FITC of 4 days newborn Ubc9*"* versus Ubc9*'~ mice. FITC fluorescence is quantified by measuring
absorbance at 488 nm and graphically represented in arbitrary unit (AU), n = 6 for each experimental condition.

Fig S2). As shown on the scatter plot in Fig 3B in which each dot
represents a single protein, the distribution of log, ratios is broader
in the TAP-purified samples than in the crude lysates, with the 448
putative TAP-SUMO-2 conjugates apparent as a high ratio cluster
distinct from the contaminants. This group compares favorably
(77%) with two previously published TAP-SUMO-2 proteomes
[18,20] (Supplementary Fig S2C), leaving 102 proteins being identi-
fied in this study as putative novel TAP-SUMO-2 substrates.

Shigella infection modulates a specific set of sumoylated
transcriptional regulators

By studying the distribution of normalized log, ratios of purified
samples from invasive (M)/non-invasive (H), we observed that
proteins were generally less modified by SUMO-2 under invasive
infection (Fig 3C). However, on this global scale, the difference
between non-invasive and invasive Shigella is relatively modest

EMBO reports Vol 15| No 9 | 2014

(median log,M/H = —0.33), so we next sought to identify individual
proteins that were modified to a different extent when comparing
invasive and non-invasive infections. 87 proteins had a significantly
affected M/H ratio (MaxQuant Significance B < 0.1), among which,
22 were more modified by SUMO-2 upon invasive infection, and 65
less sumoylated compared to the non-invasive infection (Supple-
mentary Table S1, and Supplementary Dataset S1). Consistent with
previous TAP-SUMO proteomic studies proteomes [18,20], ‘Gene
expression’ was the most enriched function in both the full TAP-
SUMO-2 list as well as the significant shortlist (Fig 3D). In total, 53
of the 87 shortlisted proteins were defined as transcriptional regula-
tors. Two further functional categories with relevance to this study
were significantly enriched in the shortlist of TAP-SUMO-2
substrates: ‘Gastrointestinal disease’ (25/87) and ‘Digestive system
development and function’ (13/87) (Fig 3D). Importantly, these
groups are more significantly enriched in this study than in the
other TAP-SUMO-2 studies, suggesting this to be a specific feature

© 2014 The Authors
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Figure 3. A SILAC-based quantitative proteomics experiment to identify putative SUMO-2 substrates and their regulation upon infection by Shigella flexneri.

A Overview of the quantitative experiment comparing TAP-expressing with TAP-SUMO-2-expressing Hela cells that were infected with invasive strain of Shigella (M90T)

or infected with non-invasive Shigella mutant (mxiD) for1 h (n = 1).

B Scatter plots comparing M/L and H/L ratios proteins identified in crude cell lysates (left) and from the TAP-SUMO-2 purified samples (right). In the TAP-SUMO-2 plot,
each identified proteins is shown as either external contaminant (in green), internal contaminant (in red) or TAP-SUMO-2 conjugate (in blue).

C Frequency histogram comparing M/H ratios (invasive/non-invasive) between the TAP-SUMO-2 putative substrates and the internal contaminants.

D IPA comparative analysis for functions and diseases associated with the 87 significantly regulated in M/H ratio putative TAP-SUMO-2 conjugates (blue), all 438 TAP-
SUMO-2 putative conjugates identified in this study (red) and the 753 putative TAP-SUMO-2 conjugates identified by Golebiowski et al [18] (black).

E Overlap between enriched functional groups identified by IPA for the shortlisted group of 87 TAP-SUMO conjugates. Proteins are shown by gene name.

F Twenty-eight of the 53 transcriptional regulators from the shortlist formed an IPA functional network, implying that the modification state of functionally related
proteins involved in gene expression is significantly different between cells invaded by Shigella in comparison with those that are not.

of Shigella infection. The vast majority of these proteins are also
transcriptional regulators (Fig 3E), and 28 of the 53 shortlisted tran-
scriptional regulators were capable of forming a functional network
in IPA (Fig 3F), indicating a close relationship among them. Inter-
estingly, many of the proteins (16) from the shortlist have already
been linked with inflammation, with 8 of these representing known
SUMO substrates including c-FOS and PPARy that have already been
associated with Shigella infection (Supplementary Table S2 and
Fig 3F, names inside ovals). Remarkably, Shigella-induced changes
in sumoylation status of most of the SUMO substrates previously
known to play a role in inflammation are predicted to favor the
inflammatory response. Most significantly, c-FOS, PPARy and its
heterodimeric partner RXRa have been shown to play key roles in
inflammation. Indeed, it is well accepted that sumoylation generally
acts as a repressor for transcription factors and activates transcrip-
tional repressors [21-23]. Interestingly, sumoylation was shown to
downregulate c-FOS and RXRa transcriptional activity [24,25],
whereas sumoylation of PPARY represses the transcriptional activa-
tion of inflammatory response genes [26]. Thus, the relatively lower
levels of SUMO-modified c-FOS and PPARy/RXRa observed in
response to invasive Shigella infection is expected to contribute to

© 2014 The Authors

the associated inflammatory phenotype. We analyzed by immuno-
blotting the sumoylation status of two of the transcriptional regula-
tors associated with digestive functions present in the short list,
c-FOS and SATB1 (special AT-rich sequence-binding protein-1)
(Fig 3E). We confirmed, for both ectopically expressed substrates,
the decrease in SUMO-2-modified forms induced by Shigella infec-
tion (Supplementary Fig S3). Hence, we conclude that invasive
infection by Shigella leads to specific changes in host SUMO modifi-
cation and particularly affects SUMO-2-modified transcriptional
regulators involved in intestinal functions and inflammation
response.

Sumoylation regulates the pro-inflammatory transcriptional
response to Shigella infection in vivo

We have observed that Ubc9 haploinsufficiency leads to a hyper
invasive and inflammatory phenotype in vivo upon infection. At the
molecular level, we demonstrated that invasive Shigella infection
alters the SUMO modification status of a restricted set of transcription
factors involved in gut functions and inflammation. To investigate
how SUMO modification impacts on host transcription after Shigella

EMBO reports Vol 15| No 9 | 2014
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infection, we studied gene expression in the infected intestine of
Ubc9 animal models. To analyse the expression of relevant genes
regulated by infection, we used a PCR array specific for anti-
bacterial response containing probes for 84 relevant genes (Supple-
mentary Table S3). Fig 4A and B shows volcano plots representing
significantly dysregulated genes upon infection in three independent
Ubc9™/~ and Ubc9*/* mouse intestines. Four genes (out of 84)
were induced at least twofold (P-value < 0.05) upon infection
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in Ubc9*/* animals (Fig 4A), whereas 17 genes were upregulated
in Ubc9*/~ animals (Fig 4B). When comparing the genes induced in
Ubc9 ™/~ versus Ubc9 /" infected mucosae, 16 genes were found to
be exclusively induced in Ubc9
(Fig 4C), including a large number of inflammatory cytokines and
chemokines. The level of sumoylation only regulates pro-inflamma-
tory gene transcription upon infection as no statistical difference
could be observed between Ubc9*/*and Ubc9™/~ animals in

*/~ intestines upon infection
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Figure 4. Defects in Ubc9*/~ leads to aberrant induction of pro-inflammatory genes upon Shigella infection.

A-C Analysis of gene expression using ‘anti-bacterial response’ PCR arrays, n = 3. Volcano plots (A, B) showing statistically dysregulated gene upon Shigella infection.
The graph represents fold change (> 2) ratio of genes in infected (M90T) compared to non-infected conditions (log2 scale). The vertical axis represents the
statistically significant dysregulated genes upon infection (—logl10 scale; P value < 0.05, see blue line on the graph). Data used for volcano plots originate from
experiments performed in Ubc9** (A) and Ubc9*~ (B) mice. Upregulated genes in Ubc9*'~ (in green) and Ubc9*’* (in blue) mice upon infection conditions are

shown in (C). Common induced genes are indicated in orange.

D Individual RT-qPCR on selected genes. Expression data upon infection are shown in red, while control conditions are in blue. For each gene, results are expressed as
fold regulation relative to gene expression levels in non-infected Ubc9*™* mice, (n = 3 per group and each n in three technical replicates). Error bars indicate

standard deviation. **P < 0.01.
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non-infected conditions (Supplementary Fig S4). We confirmed
these results by individual RT-qPCR on selected genes. Fig 4D
shows that Ifn-y, Cxcl-1 and Il-6 are significantly more induced in
Ubc9*/~ than in Ubc9™/" infected mucosae. These results show
that Ubc9 haploinsufficiency leads to enhanced transcriptional acti-
vation of inflammatory response genes upon Shigella infection.
Upon infection, we identified a regulation of the sumoylation status
of key transcriptional regulators likely to favor the induction of pro-
inflammatory genes. Together, these data suggest that, in host cells,
the concerted decrease in sumoylated forms of a functionally related
set of substrates involved in intestinal homeostasis and inflamma-
tion contributes to proper anti-bacterial transcriptional response. In
conclusion, we identified that SUMO is involved in the primary host
response to invasive Shigella infection and is required for efficient
protection against Shigella pathogenicity. The SUMO pathway
appears to be involved in multiple steps of the host-pathogen inter-
actions upon Shigella infection, and further studies will help to
unravel the associated mechanisms of this critical interplay between
SUMO and bacteria.

Materials and Methods
Bacterial strains and culture conditions

Shigella flexneri serotype 5a strains were isolated on congo red agar
plates. The invasive wild-type strain M90T and its isogenic non-
invasive derivative mxiD (impaired for the type-three secretion
system) were used. For infection experiments, strains were cultured
in BTCS medium (Difco) overnight at 37°C with agitation. Subcul-
tures were performed for 3 h to reach the exponential phase and
resuspended in DMEM medium (Invitrogen). For proteomic studies,
M90T and corresponding mxiD-Afae strains were used.

Infectivity assays in vitro

Gentamycin assay was performed to quantify intracellular bacteria.
Bacteria were added to HelLa cells at a multiplicity of infection of
50. After 45 min of infection, cells were washed and incubated
with 10 pg/ml gentamicin for 1 h to kill extracellular bacteria.
Infected cells were lysed in PBS/Triton X-100 0.2%. Quantification
of intracellular bacteria was done by plating the lysate in tripli-
cates. Cell to cell spreading of bacteria was measured by lysis
plaque assay performed as previously described [27] with minor
modifications. For enhanced visualization of the plaques, an over-
lay consisting of DMEM, 0.05% crystal violet (SIGMA) and 0.05%
agarose was added on the day 3. Pictures were acquired on day 5,
and the number of lysis plaques was measured using ImageJ soft-
ware. Infectivity assays were done in three technical and biological
replicates.

Newborn mice infection

3-day-old newborn mice Ubc9*/* and Ubc9*/™ (indicated as */~
in this manuscript) were used [4]. Mice were separated from their
mothers 60 min before the experiment for starvation and then inoc-
ulated i.g. with 30 pl of the bacterial suspension (1 x 10° bacteria
per pl) or sterile physiological water as a control. For i.g. inoculation

© 2014 The Authors
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of mice, an overnight culture at 37°C on GTCS plates was diluted in
physiological water to obtain the bacterial suspension. Newborn
mice were maintained at 30°C and monitored. Mice were sacrificed
after 3 h and the intestine of newborn mice was removed. Samples
of the proximal jejunum were collected for morphological analysis.
The rest of the proximal jejunum was used for RNA extraction.
Genotypes of the mice were determined post-mortem. Animal exper-
iments were performed accordingly to the guidelines of the Institut
Pasteur’s ethical committee for animal use in research (CETEA
number 2013-0028).

Bioinformatic and Statistical analysis

Proteins were analyzed for functional enrichment using Ingenuity
Pathway Analysis software (IPA). Means + standard deviations are
shown in the figures (1, 2 and 4), and P-values were calculated
using a two-tailed two samples equal variance Student’s t-test,
(*P < 0.05; **P < 0.01).

Supplementary information for this article is available online:
http://embor.embopress.org
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